Although cows are protected from their natural enemies, they form herds when grazing in a manner that is similar to protective aggregations of wild animals such as insect swarms, fish schools, bird flocks, and other mammal herds. This study examined how distances between individual grazing cows are determined. In a herd of cows, complicated interrelationships operate between individuals. We assumed that the distance between any two individuals was based on the following five factors: the behavior of the entire herd (measured as the distance between the leftmost and rightmost cows: the herd length effect); repulsive and attractive forces operating directly between two individuals within the herd (direct effect); the effect of third individuals on the distance between two individuals (half-indirect effect); the effect of unconnected pairs on the distance between two individuals (indirect effect); and residual effects that cannot be explained by the other four factors (random/involuntary movement effect). These five factors were analyzed using regression analysis. We applied our model to a grazing herd of cattle. The coordinates of six cows in a one-dimensional, fenced grassland were recorded every 5 min. For each pair of cows, the contribution of each of the five effects was calculated using the sum of squares of data, based on the temporal changes in the distances between individuals. Overall, the random movement effect made the largest contribution (38.8%) to the temporal variation in the distance between two cows, followed by herd length (25.6%), direct (21.0%), and half-indirect (12.5%) effects. The contribution of the indirect effect was negligible. The results revealed that one of the six cows was persecuted by the other cows.
INTRODUCTION
How do biological organisms form aggregations and determine distances between neighbors? This is an important question for understanding animal crowding behavior. When animals first invade a flat, uniform environment, individuals may establish themselves at random sites. Subsequently, the individuals form aggregations, and establish an order, which leads to a pattern inherent to the species. As the individuals move from time to time, the distances between individuals change. Population biology typically deals with individuals as particles that have no individuality (e.g., Bartlett, 1960; Okubo, 1986; Gueron and Levin, 1993; Blackwell, 1997; Yamamura et al., 2003) . For example, Shigesada and Kawasaki (1997) dealt with biological invasion of a new habitat. Shiyomi and Tsuiki (1999) measured the distances between the leftmost and rightmost individuals on a one-dimensional grassland every 5 min (they referred to the distance as "troop length"), and modeled the temporal changes mathematically using a diffusion equation. They dealt with organisms as physical particles.
However, certain kinds of animals, especially birds and mammals, demonstrate individuality. Each individual in a crowd behaves according to its own will, as well as according to the intentions of the crowd as a whole. For example, each grazing cow in a herd moves and searches for high quality herbage, even when the entire herd moves in the direction of a watering site. This characteristic differentiates the behavior of cows from that of physical particles. The present study recognizes this characteristic (individuality) of animal behavior and analyzes it using a statistical model. Shiyomi (2004) proposed a model that was partially based on the behavior of individuals, to explain how distances between individuals within a herd of cattle are determined. That model was based on the following factors: the behavior of the entire herd (measured using herd length); repulsive and attractive forces operating directly between two individuals within the herd (direct effect); the effect of third individuals on the distance between two given individuals (half-indirect effect); the effects of unconnected pairs on the distance between two given individuals (indirect effect); and residual effects on determining the distances between individuals that cannot be explained by the other four effects (random/involuntary movement effect). This study applies the model to a cattle herd composed of six cows grazing within a fenced grassland. This is a case study that demonstrates a method for analyzing the interrelationships operating among individual animals in a herd.
MATERIALS AND METHODS
Six 2-to 3-year-old Holstein cows (Bos taurus) weighing 200 to 300 kg/head were pastured within a fenced grassland (88ϫ6 m) at the National Grassland Research Institute (Nishinasuno, Tochigi, Japan). The grassland was sown with orchardgrass (Dactylis glomerata) and white clover (Trifolium repens), and was flat and uniformly vegetated. The 6-m shorter dimension allowed three or more cows to walk side by side.
The individual cows were named A, B, …, F. The distance between two individuals, such as that between A and B, is expressed using A-B or B-A. The coordinate of each cow on the longer side was recorded every 5 min. Then, the distance between each pair of individuals at each observation time, and the change in the distance between the two individuals over 20 min were calculated. There were 15 possible pairs. "Herd length" (the distance between the leftmost and rightmost individuals) was also calculated every 20 min.
To analyze the data, the five-effect model outlined above (i.e., herd length, direct, half-indirect, indirect, and random movement effects) was applied. Since the five effects should be correlated with each other, the following plausible order of priority between the five effects was assumed in the analysis.
Distance A-B is analyzed as an example:
(1) Distance A-B is strongly controlled by herd length (herd length effect; see Fig. 1a ). Therefore, changes in A-B over 20 min (y) are analyzed using changes in the herd length over the same 20 min (x):
where a and b are constants, and e is the residual that cannot be explained by x. Equation (1) can be estimated using a simple regression analysis. If bՆ0 and e obeys the normal distribution with mean 0, y gradually increases in a zigzag manner unless the grassland is fenced. Ultimately, distance A-B diverges, i.e., A and B cannot belong to a single herd unless the grassland is fenced. In a biological population, the situation bϽ0 is unnatural.
(2) The following assumption is plausible (Shiyomi and Kubo, 1982; Shiyomi and Tsuiki, 1999) : distance A-B tends to shrink if the distance is more than a given equilibrium distance (attractive force), and A-B tends to expand if the distance is less than the equilibrium distance (repulsive force). We refer this to as the direct effect on distance A-B (Fig. 1b) . Then, the residual e is analyzed using A-B (u):
where d is the residual that cannot be explained by u, and c and d are non-negative constants. If dՅ0 and d obeys the normal distribution with mean 0, e gradually increases in a zigzag manner unless the grassland is fenced. Then, distance A-B finally diverges, i.e., A and B cannot belong to the same herd. Conversely, if dϾ0, both individuals can 576 M. SHIYOMI (2) is explained using these seven distances involving third individuals. The following equation is assumed:
Equation (3) is a linear multiple regression equation that contains eight independent variables, i.e., A-C, A-D, …, B-F, and g is the residual. The relationships between these eight independent variables are complicated. Some have positive effects on d or distance A-B and others have negative effects. If f 1 Յ0, the herd tends to remain as a single assemblage, and if f 1 Ͼ0, it tends to spread out and the herd may split into smaller herds. (4) where z is the residual. If f 2 Յ0, the herd tends to remain as a single assemblage, and if f 2 Ͼ0, the herd tends to spread and may split into smaller herds. The indirect effect is usually small.
(5) The final residual, z, is dependent on the involuntary, random movement of individuals A and B (random movement effect).
(6) The preceding five effects explain the temporal variation in distance A-B. This variation is measured using the sum of squares (SS). An effect with a large SS for the observation times indicates a large contribution to the temporal variation in distance A-B.
RESULTS
Variations in distances A-B and A-F over time are shown in Fig. 2 , as examples. The temporal changes in distances A-B and A-F sometimes harmonized, and were sometimes found to differentiate. Distance A-F tended to be greater than distance A-B (the mean values of A-B and A-F were 7.54 and 15.53 units, respectively, where 1 unit is 2 m), and the variation in A-F was larger than the variation in A-B (the variances of A-B and A-F were 8.31 and 10.71, respectively). Table 1a indicates that herd length positively correlated with the distance between two individuals, although the correlation coefficients were not very high. The correlation coefficients for pairs containing F tended to be higher than for those not containing F. These positive correlations mean that the behavior of individuals within the herd was harmonized. Figure 3 shows the relationships between the changes in the herd length over 20 min (x in Eq. (1)) and the changes in the distance A-B or A-F over the same 20 min (y in Eq. (1)), as examples. In both cases, the two variables are correlated, and changes in A-B and A-F were influenced by the changes in herd length. The relationship for A-F was stronger than that for A-B (also see Fig.  2 ). Figure 4 indicates that the contributions of the herd length (expressed using SS) to distances A-B and A-F were 3,399.7 (where the total SS was 14,819.4) and 18,198.3 (where the total SS was 37,515.5), respectively. The total SS and SS for the herd length for A-F were much larger than those for A-B. From these results, we can infer that individual F tends to be independent of the others.
The residuals of herd length (e) from the regression equation (Eq. (1)) were explained by the distances between two given individuals (say A and B) using Eq. (2) (direct effect). The example of A and B is shown in Fig. 5a , where the residuals of the herd length (e) were analyzed using distance A-B. When A-B was smaller than 7.54 units (the equilibrium distance), A-B tended to expand, and when A-B was larger than 7.54 units, the distance tended to shrink. The direct effect in the case of distance A-F (Fig. 5b ) was weaker than that for A-B because the equilibrium distance for A-F (15.56 units) was larger than that for A-B. Table 1b ), while C and F were almost independent (the c-value between them is Ϫ0.0616 in Table 1b ). The equilibrium distances between pairs are shown in Table 1c . The equilibrium distances within pairs containing F (10.4-15.5 units) were much larger than for the pairs not containing F (6.1-9.8 units). The contributions of the direct effect for A-B and A-F are shown in Fig. 4 , with SSϭ1,912.6 and 4,847.2, respectively. SS for A-F was much larger than for A-B.
The half-indirect effect for A-B and A-F, for example, is expressed using the following equations when we express the distances between two individuals using A-C, A-D, …: (Fig. 4) .
The indirect effect on A-B and A-F, for example, is repressed by the following equations when the distances between pairs are expressed using C-D, C-E, …: Fig. 4 . Contributions of the herd length, direct, half-indirect, indirect, and random movement effects measured using the sum of the squares of the temporal variation in the distances between two individuals. 
and
SS for the indirect effect is negligible for all pairs (Fig. 4) . The values of SS for the random movement effect are large and almost constant among pairs (around 8,000) (Fig. 4) . Table 2 shows the percent contributions of each effect in two groups: those without and with individual F. SS for A-F, B-F, C-F, D-F, and E-F, which contain individual F, are much larger than for the pairs that do not contain F (Fig. 4) , because the herd length effect for pairs containing F was very large. In pairs that do not contain F, the random movement effect contributed 41.8% of the total SS, followed by the direct (24.8%), herd length (18.9%), and half-indirect effects (12.6%). In pairs containing F, the herd length effect contributed 39.2%, followed by the random movement (32.3%), direct (13.5%), and half-indirect effects (12.3%). The indirect effect in both groups was negligible (1.9 and 2.7%), as predicted from the model description.
DISCUSSION
Interrelationships operating in a population (or group) are exhibited through the behavior of individuals, which may be realized by the distances between individuals. Therefore, the distances between individuals will strongly reflect the interrelationships between individuals. This study measured the interrelationships between grazing cows using the distances between individuals in a small, onedimensional grassland. We assumed that the following five effects influenced the distance between two given individuals ( Fig. 1) : herd length and direct, half-indirect, indirect, and random movement effects. In the analysis, the effects were prioritized in this order, and residuals not explained by the previous effect(s) were explained by the next effect. (Such a regression analysis is referred to as a "residual analysis", Snedechor and Cochran, 1989). As shown above (Eqs. (1) to (4) and Fig. 1) , the cause-and-effect relationship operating in the distances formed in a herd is complex, and cannot be separated into independent effects. Therefore, this order of analysis was necessary to untangle the interrelationships operating within the herd.
When either the herd length or the direct effect for a given pair is non-negative, the distance formed between the two individuals tends to increase infinitely. The half-indirect effect, expressed using Eq. (3), has a complicated effect, as it is a multiple regression with eight independent variables A-C, A-D, …, B-F. Some may have positive partial regression coefficients that serve to increase distance A-B, while others may have negative partial regression coefficients that serve to shrink distance A-B (e.g., see Eq. (5)). Similarly, Eq. (4) is expressed using a multiple regression with six independent variables C-D, C-E, …, E-F that may have positive or negative partial regression coefficients, although their coefficients may be small (in fact, the indirect effect was very small in our example, as shown in Fig. 4 and Table 2 ; see Eq. (6)). For these reasons, whether the overall half-indirect and indirect effects on distance A-B are negative or positive depends on the characteristics of the herd itself. Furthermore, the temporal variation in the distance between two individuals, depending on random movements, is very large (Fig. 4, Table 2 ). Whether two individuals A and B separate into different groups or continue to remain together is determined by the sum of these five effects.
Many studies have examined spatial patterns and crowd formation (e.g., Bartlett, 1960; Shiyomi, 1966 Shiyomi, , 1995 Chin, 1968; Kubo, 1982, 1995; Okubo, 1986; Gueron and Levin, 1993; Blackwell, 1997; Shigesada and Kawasaki, 1997; 580 M. SHIYOMI Shiyomi and Tsuiki, 1999) . The mathematical models in these studies operated on the premise that individuals act like physical particles. By contrast, in our study, each individual is supposed to have its own characteristics, although they were not complete. For example, Fig. 4 shows that each effect differed with respect to the individual cow. To describe the intertwining relationships operating within an animal aggregation, statistical models such as regression (this study), cluster (Kendall, 1980) , and path (Shipey, 2000) analyses are useful. In this case study, the random movement and herd length effects made the largest contributions, followed by the direct and half-indirect effects (Table 2 , Fig. 4 ). In another experiment that used the same cows in the same pasture (Shiyomi, 2004) , the observation period was divided into two phases: grazing and resting phases. In both phases, the random movement effect made the largest contribution to the total sum of squares (41% for the grazing phase and 37% for the resting phase), followed by the herd length, direct, and half-indirect effects. In another experiment using a mixture of two independent herds that had previously been raised in two different paddocks, the herd length effect made the largest contribution, followed by the direct, random movement, and half-indirect effects (unpublished data). As shown in these examples, this method has proved powerful for analyzing the inner structure of animal aggregations. An accumulation of such case studies should reveal the structure not only of cattle herds, but also of aggregations of other kinds of animals, such as insects, fishes, and so forth.
